-2n eSRPEs display a number of highly desirable characteristics, such as low cost and toxicity, good cyclability and high power and energy densities. In general, it is necessary to operate cells with polymeric electrolytes above 60 0 C to maintain the polyethylene oxide complexes in an amorphous, and thus, conducting state. bonds exhibit the fastest electrode kinetics and lowest activation energies for charge transfer. In addition, many of these compounds lack the characteristic stench associated with mercaptans.
For these reasons, the polydisulfide of dimercaptothiadiazole, termed X1, was chosen for the room temperature studies.
The structure of X1, the active material in the SRPEs used for this study is shown below.
The open circuit potential for X1 lLi room temperature cells ranges from 3.0 to 3. -4-. .
could be discharged to a depth of 0.6 to 1.3 C/cm 2 at a current density of 50 p.A/crn2, depending upon the composition of the components (type of amorphous PEO lithium salt complex used in the cathode and separators). Figure 1 shows typical first discharge profiles for several room temperature devices at this rate. Open circuit potentials were monitored by turning the current off periodically during the discharges for brief periods (the spikes in the profiles).
Two different types of amorphous PEO were used in this study, as well as several different lithium salts. The type of amorphous PEO (hereafter abbreviated as aPEO) used in the SRPEs and separators had little effect on the discharge characteristics. However, separators made from lower molecular weight aPEO tended to creep more than those made from higher molecular weight materials, and consequently cells containing the former were somewhat more prone to shorting.
SRPEs that did not contain added lithium salts could be discharged to a greater depth (1.1 to 1.3 C/crn2) than those containing lithium salts (compare curves a and b to c, d and e in Figure 1 ), but performance upon recharge was less satisfactory. Indeed, the best cycling results to date at room temperature have been in cases where the positive electrode contained added lithium salt.
Cells containing LiCI04 discharged poorly (results not shown), but those containing lithium triflate in both cathode and separator (curves d and e) could be discharged to over 0.8 C/cm 2 .
In SRPEs that contain added lithium salts, the lithium dithiolate produced during discharge may cause a "salting out" effect, resulting in premature cell polarization. In contrast, SRPEs with no added lithium salts may be discharged further (the discharge products providing ionic conductivity in the cathode), but upon charge, the lithium dithiolate in the positive electrode is depleted, causing a decrease in conductivity and poor rechargeability. Figure 2 shows 50 p.A/crn2 first discharges for cells with cathodes of various thicknesses, but that had identical compositions. Evidently, these batteries are always discharged to the same depth regardless of cathode thickness; thus utilizations are correspondingly lower as capacity is increased. In contrast, utilization in cases where the capacity is less than 1 C/cm 2 is typically 80% or greater at 50 p.A/cm 2 . Fortunately, calculations (vide infra) show that maximum practical power and energy densities are also obtained when cathode thickness is limited to below 1 C/cm 2 .
The tendency to discharge to a constant depth upon the first cycle regardless of the cathode capacity holds true at higher current densities as well. Thus, these examples may be discharged to about 0.8 C/cm 2 at 50 JLA/cm 2 (or over four and a half hours operating time), about 0.45 C/cm 2 at 100 JLA/cm 2 (over one hour) and 0.27 C/cm 2 at 200 JLA/cm 2 (twenty-four minutes) ( Figure 3 ).
The OCV measurements taken throughout these experiments show that overpotential increases during discharge and that the rate of increase grows faster for higher current densities. The voltage drops precipitously at the end of discharge (although battery voltages were prevented from -5-
dropping below 1.8 to prevent deterioration.) This polarization is probably due to diffusional processes, and the performance therefore is limited primarily by the relatively low ionic conductivity of the polymer electrolyte. The "salting out" effect noted ear1ier may also playa role in this. It has already been recognized that very thin components are required in batteries with SPEs to offset the low ionic conductivities; this is even more important for optimum performance of the room temperature aPEO cells.
-The results presented in Figures 1-3 conditioning, but it may be due to the presence of a poor1y conducting contaminant on the lithium surface or in one of the other components that is removed upon initial discharge or charge. After recovery to the usual depths of discharge, the anomalous cells performed normally; i.e. depth of discharge either remained the same or decreased somewhat upon cycling. Unless otherwise noted, the results presented in this paper show first discharges for normal examples. Figure 4 shows the first twenty-one cycles of a cell that was discharged at 50 or 100 pAlcm 2 and recharged at 25 pAl cm 2 100 times. (After this point, discharges were always 50 p.AI cm 2 .)
This is an example of conditioning upon cycling; the first cycle is markedly worse than subsequent ones. For the first through the twentieth cycle, depth of discharge was 0.8 C/cm 2 at 50 p.A/cm 2 .
After this,an inadvertent overdischarge occurred (reversal) due to a malfunction in the cycling equipment. This had a deleterious effect at first (depth of discharge decreased to 25% of cycle 20).
By cycle 37, however, the cell had recovered to 70% of cycle 20. A similar pattern was seen after an accidental overcharge of 100%. By cycle 93, depth of discharge was 50% of cycle 20. There was evidence of formation of micro dendrites during several cycles manifested as voltage instability during charge, but these "cycled out." Performance deteriorated irreversibly after 100 cycles, perhaps due to cumulative effects of micro dendrites. It is apparent, however, that the Xl room temperature cells are remarkably robust as shown by their ability to withstand abuses such as overcharge and high rate discharge, with minimal loss of function.
Because lithium is known to react with many organic materials, it is critical to assess the stability of any new polymer electrolyte towards this metal in a battery, whether at rest or when undergoing cycling. The relatively long term cycling results presented above (almost two months) suggest that aPEO is indeed suitable for use in lithium batteries.
The ability of the U/aPEOIXl cells to recover from severe polarization suggests that this system might be good for high rate pulse applications. In order to test this possibility, newly assembled, or partially discharged cells were subjected to pulses of varying lengths at different current densities. Some were pulsed for 3-5 seconds at 1.5 mA/cm2. After three seconds the voltage dropped to 1 V and after four seconds, to 0 V, but recovery to the original OCV occurred essentially instantaneously. Cells pulsed for one second at 0.5 mA/cm2 did not polarize; the voltage only dropped to 2.9 V and recovered instantaneously. The behavior did not seem to depend upon the previous history of the batteries (whether newly assembled or partially discharged), although OCVs were somewhat lower for the latter. Figure 5 shows a cell (15% discharged) pulsed at various current densities up to 3 mA/cm2 for 0.1 seconds with a 0.15 second rest period between pulses. Recovery to the original open circuit potential occurred in less than 0.15 seconds even when the voltage dropped to nearly 0 upon pulsing. Table 1 lists dimensions of components and practical energy densities for a paper thin U/aPEO/Xl room temperature device. This battery would have a three second pulse power density of 500 WII, based upon the discharge behavior seen for 1.5 mA/cm2 pulses. Figure 6 shows the variation of power density with current density for the 0.1 second pulses presented in Figure 5 , for several cathode and current collector thicknesses. The maximum power density of over 1000 WII is obtained when 1 I'm current collectors, 0.5 C/cm2 SRPEs and a current density of 1.7 mA/cm 2 is used.
The calculations for the paper thin example presented in Table 1 and Figure The calculations presented in Figure 8 show that selection of appropriate component dimension is critical for good battery design as well. Devices intended for pulsed applications where power densities above 100 W II may be required should have very thin cathodes (0.5 CI cm 2 or about 9 p.m). If energy density and continuous application are more important than power density, thicker
SRPEs should be used. Another consideration for cell design, of course, is economic. The raw material costs for these batteries are estimated to be quite low 13, but as cathode thickness is decreased below about 0.5 C/cm 2 , relative expense increases due to the dominance of the current collector cost and that of producing the ultrathin lithium.
The results presented herein demonstrate that all solid state batteries using aPEO as the ion conducting medium can be operated at room temperature successfully without additives or special methods of construction. Indeed, the cycling behavior, pulse behavior, energy and power u: -150 .z:.
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